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1Preparing for climate change:
A small city’s mid-century culvert drainage needs
MAWRRC conference
April 9, 2007, 12:30 p.m.
Presenter:      Latham Stack
Project team:  L. Stack, M. Simpson, T. Crosslin, S. Spearing, E. Hague
Senior Researcher: G. Larson
• Welcome, thank you, and introduction.
• Affiliation: Syntectic Int’l, group scientists & engineers, working to prepare
communities for climate change. Bridge gap theory and policy on the one hand, and
practice on the other.
•  Objective is to increase your self-reliance, in the absence of leadership from the
federal government, pertaining to climate change adaptation:
   Increase awareness of the need to prepare for climate change;
   Demonstrate that reliable & quantified assessments of infrastructure
requirements are now possible;
   Discuss some of the issues faced when performing assessments, with particular
emphasis on the spectre of ‘uncertainty’.
•  In order to accomplish this:
  1. Briefly review reasons why global warming is resulting in more intense storms,
and why impacts are now unavoidable;
  2. Walk through assessment of mid-21st century stormwater drainage system
requirements;
    - This assessment is a sub-project for the IPCC IVth assessment report, to be
published in late 2007
    - A paper describing this project is currently in peer-review at the journal Climatic
Change
  3. Discuss issues associated with assessments
•  Acknowledge contribution of senior researcher G. Larson, who provided certain
technical graphics
2CO2 persists in the atmosphere
Syntectic Int’l, 04/07
• In addition to the high emission of CO2 into the atmosphere, global warming
is occurring because CO2 persists in the atmosphere. As the graph shows, this
gas has a half-life of 60 years in the atmosphere.
• As a result…
3Signif icant impacts from global warming
are now unavoidable
Syntectic Int’l, 04/07
• Nevermind that the world is failing miserably at reducing CO2 emissions.
Even if we were able to flip a switch and halt all natural and man-made
emissions, because of the persistence of CO2 in the atmosphere, concentrations
remain high even after emissions are reduced.
• As a result, it is now too late to avoid a temperature increase and significant
impacts.
• The first IPCC report assessing global warming science and impacts, dating to
the early 1990’s, included findings that were significant for stormwater drainage
systems…
4Gordon et al. (1992) found that climate change
induced increases in rainfall will disproportionately
increase the most intense storms:
Source: Gordon et al. ‘92
Syntectic Int’l, 04/07
• Gordon et al. showed that projected increases in average rainfall would have a
disproportionate impact on the heaviest storms.
• Their results were confirmed and expanded on by a number of studies. Among
the more seminal are Henderson et al. ‘97,  Zwiers & Kharin ‘98, Groisman et
al. ‘99, Watterson & Dix ‘03, and Tebaldi et al. ‘06. The more recent of these
analyze data from later, more refined and sophisticated iterations of the general
circulation models (i.e. GCM’s). The consistency of findings over this 14 year
period, combined with refinement of the GCM’s over this same period,  has
generated increased confidence in the reliability of conclusions. Indeed, while
early studies generally qualified findings by saying that results were not suitable
for local-scale estimates, the latest studies, e.g. Tebaldi et al ‘06, no longer
qualify results. In testimony before congress in 2004, Tebaldi noted that the
current generation of GCM’s had achieved unprecedented levels of reliability.
• That increases in average precipitation have a disproportionate impact on more
extreme events results from the relationship between intensity (i.e. cm/24-
hours), and frequency (i.e. probability of occurrence, or return period).
Statistically, this can be show using the normal curve…
5Statistical depiction of
why an increase in either
mean precipitation, or
precipitation instability,
leads to an increase in
the tail of the
distribution.
This results in…
Syntectic Int’l, 04/07
• Studies of projected impacts of climate change on precipitation regimes report
that many regions will experience an increase in average precipitation. These
studies also report that precipitation will generally become less reliable, even
where overall precipitation remains the same or increases.
• The top graph shows the impact of an increase in average precipitation, note
how the area under the curve that exceeds a given ‘extreme’ point becomes
larger.
• The middle graph shows the impact of a decrease in reliability, i.e. an increase
in variance, also leads to an increase in the number of extreme events.
• Finally, the third graph shows the impact of a combination of increased
average precipitation, and increased variability.
• The result is that we can expect to see increase in the frequency of…
6Non-USA adaptation: policy, national,
implementation has begun
Syntectic Int’l, 04/07
• Outside the United States, these efforts are primarily driven by the national
government. A ‘google’ of the term, ‘climate change adaptation’ reveals the large
number of programs already underway to prepare infrastructures.
• The United Kingdom has probably the most advanced program, followed by
Canada, New Zealand, and the Scandinavian countries.
• A number of policy and planning documents are freely available for
downloading as PDF files.
• To-date, efforts in these countries have consisted primarily of policy
development and scoping studies, and the transition from policy to actual
infrastructure adaptation has begun.
• Later in this talk I will mention several tactics for managing residual
uncertainty in GCM projections, that were taken from these documents.
7USA adaptation: policy only, sub-federal
Syntectic Int’l, 04/07
• Overall, in the United States climate change adaptation lags behind, insofar as
this has not been a priority for the current administration. Adaptation policy
documents have been published by the Pew Center for Climate Change, and by
California. Some information is also coming out of the federal government, for
example a presentation given in April by Jeffrey Fristhen of the EPA,. However
these lack the breadth and detail of material being produced elsewhere in the
world.
• As a result of the lack of direction from our federal government, communities
and professionals must be self-reliant both in recognizing the need for climate
change adaptation, and in initiating the adaptation of infrastructures. As I’d
mentioned previously, my objective today is to help you develop this self-
reliance.
8White
Brook
Watershed
Syntectic Int’l, 04/07
• In order to increase your awareness of issues involved in assessing the
required extent of infrastructure preparations in your communities, and to
demonstrate that such assessments, today I’m going to walk you through an
assessment that we performed in 2005 for the culvert system of a small city in
New England.
• The city of Keene lies in the southwest corner of New Hampshire. It is about
150 years old, is the county seat, and currently has a population of about 22,000.
• The city is more progressive with reducing CO2 emissions, and was interested
in projected climate change impacts on its stormwater drainage system.
• In order to project actual system load, we also modeled the impact of
population growth, by performing a build-out analysis based on current zoning
regulations.
• To achieve project goals we reviewed capacity of the system of culverts in the
white Brook watershed, representing 10% of culverts in the city, and 38% of the
city’s surface area.
9Diagram: Michael Simpson, Project Director
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The project consisted of four task areas…
(self-explanatory, based on slide)
• Begin with walk-through of the modeling of precipitation impacts from climate
change…
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• As reference for mid-21st century climate change, used GFDL 2.1 GCM, state-
of-the-art in climate modeling. Datasets used are same included in IPCC Fourth
Assessment report, to be published in 2007.
• Used data for the A2 scenario, ‘business as usual.’ The Stern Report, issued
last week in United Kingdom, also used the A2 scenario in its analyses. This
report was criticized by the conservative media in the United States, including the
National Review, for using such a pessimistic scenario. These media are 10
years behind the times. Although the A2 scenario was once assumed to be
pessimistic, it is now considered the most likely trajectory.
• Results from the GCM were applied to the NCDC historical data for Keene
and surrounding weather stations.
11
Six gridpoints
proximate to
Keene, NH were
used to transfer
the expected
change in
precipitation from
the GCM to
Keene and
regional stations
Syntectic Int’l, 04/07
• In order to transfer GCM projections to Keene, we modeled how the intensity-
return period relationship changed from the late-20th century to the mid-21st
century, for each of six GCM gridpoints surrounding Keene. We established
how these rates of change varied according to longitude, latitude, elevation, and
several other factors, and applied this knowledge to project the mid-21st century
design storm rainfall for Keene.
• For you fellow data-nerds, we modeled the intensity-return period curve by
fitting daily precipitation data to a Peaks-Over-Threshold point process
statistical model. This is considered to be the state of the art in precipitation
modeling statistical science. This model is an evolution of the generalized
extreme value, and generalized pareto distributions, which are themselves
evolutions of the gamma, Gumbel, and similar distributions. We established the
percentage change in the location, scale, and shape parameters for each of the six
gridpoints, and used least squares regression to estimate changes to these
parameters for Keene.
• In accordance with standard practice, we regionalized the shape parameter,
using 5 sites proximate to Keene.
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Return 1971-2000 precipitation (cm)
period 
(years) Actual
Estimate 
'A'
% 
precipitation
Estimate 
'B'
% 
precipitation
1 3.23 2.43 -24.9% 2.62 -19.0%
2.5 5.42 4.86 -10.4% 5.05 -6.9%
5 6.56 6.11 -6.8% 6.30 -3.9%
7.5 7.15 6.76 -5.5% 6.95 -2.8%
10 7.55 7.19 -4.7% 7.38 -2.2%
25 8.75 8.50 -2.8% 8.69 -0.7%
50 9.60 9.42 -1.9% 9.61 0.1%
75 10.09 9.94 -1.4% 10.13 0.5%
100 10.46 10.31 -1.5% 10.50 0.3%
250 11.46 11.42 -0.4% 11.61 1.3%
500 12.22 12.22 0.0% 12.41 1.6%
750 12.65 12.67 0.2% 12.86 1.7%
1,000 12.95 12.99 0.3% 13.18 1.8%
Syntectic Int’l, 04/07
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Change in intensity/return-period relationship
(cm of precip. per 24-hours)
Precipitation (cm)
Return 
period 
(years)
Late-20th 
century
Mid-21st 
century
% 
precipitation
1 3.23 3.36 4.0%
2.5 5.42 5.66 4.5%
5 6.56 7.08 8.0%
7.5 7.15 7.89 10.4%
10 7.55 8.47 12.2%
25 8.75 10.38 18.7%
50 9.60 11.91 24.1%
75 10.09 12.86 27.5%
100 10.46 13.55 29.5%
250 11.46 15.88 38.5%
500 12.22 17.78 45.6%
750 12.65 18.96 49.9%
1,000 12.95 19.82 53.1%
Syntectic Int’l, 04/07
• {explain table}
14
Impact of climate change on
intensity/return-period relationship
Syntectic Int’l, 04/07
• {Explain graph, don’t forget to note impact of increasing divergence as return-
period increases}
• Note that the expected 25-year event will match what historically had been the
175-year event. FEMA may be unofficially recognizing that present-day design
standards will be inadequate. After a record rainstorm in the Fall of 2005
dropped 11.5 inches of rain in 24-hours, FEMA advised rebuilding the drainage
system to the 100-year storm. Although this increased standard will provide
much better protection than the current standard, our analysis indicates this may
underestimate actual requirements.
15
Syntectic Int’l, 04/07
• In GIS system, intersected road and stream layers to establish culvert locations.
• Used to schedule fieldwork to each culvert site.
16
Fieldwork collected culvert specifications,
assessed site conditions
Syntectic Int’l, 04/07
• Fieldwork was a critical step in project, enabling us to get our heads out of the
computer and assess actual conditions. This enabled a degree of analysis not
available in published literature on climate change impacts.
• We collected specifications for each culvert, these were used to reverse-
engineer each culvert to determine its present capacity. 23% of culverts are
undersized even for the present-day design storm. City planners attributed this
to informal estimates of required capacities by public works employees at the
time of construction, and land-use changes. My guess is that drainage systems
in your communities have similar problems. If so, leaders may be assuming a
false level of protection from extreme events.
• We also assessed the operating condition of each culvert. Note the two culverts
on the right. A number of culverts were obstructed by vegetation or sediment, so
that capacity was impaired. According to one European policy document on
climate change adaptation, maintaining systems in proper operating condition is
an important step in managing climate change uncertainty.
17
• {Explain slide} (Why don’t the graphics show up on this “ notes”  page?)
• Orifice vs. weir flow, inlet control; orifice flow = undersized; preclude designs that allow
orifice flow
• Assuming orifice flow complies with NH Dept of Highways standards
18
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• A GIS model was used to compute runoff rates and determine information
used to compute peak flow at each culvert. The NCRS curve number and TR-55
methods were used for these, in order to match present NH Dept pf Highways
regulations;
• The GIS-based model used to delineate micro-catchments draining into each
culvert, and to compute the runoff curve number.
19
A Build-Out Analysis Maximizes the
Development Potential of an Area
Based on The Zoning Density Allowed
What do we mean by doing
a BUILD-OUT Analysis
Syntectic Int’l, 04/07
• Explain build-out
• To current zoning standards of 5-acre minimum lot size;
• To aid City planners, also performed build-out to 2-acre minimum lot size,
insofar as has been discussion of changing zoning standard to accommodate
anticipated population growth.
20
GIS-derived Variables
Variables Exported to Excel
for each
Micro-catchment
• •  Curve Number
• •  Slope
• •  Main channel length
• •  Area
Syntectic Int’l, 04/07
Data were output from the GIS to Excel, for computation of peak flow.
21
Syntectic Int’l, 04/07
Climate Change
Build-out 
scenario
Late-20th 
century
-95% conf. 
level
Mid-21st 
century
+95% 
conf. level
% Undersized culverts:
Baseline 26% 26% 39% 65%
2ha 30% 30% 43% 65%
0.8ha 43% 39% 43% 74%
% Undersized or marginal culverts:
Baseline 30% 30% 48% 78%
2ha 43% 43% 48% 87%
0.8ha 48% 43% 48% 87%
From this we were able to model present-day culvert capacities, and identify
culverts that are likely to be undersized by mid-century.
• Our work predicts that 44% of culverts will be undersized, serving 35% of the
watershed, but especially impacting low-lying regions that are presently the most
populated.
22
Culvert flow status
Syntectic Int’l, 04/07
From this we were able to model present-day culvert capacities, and identify
culverts that are likely to be undersized by mid-century.
• Our work predicts that 44% of culverts will be undersized, serving 35% of the
watershed, but especially impacting low-lying regions that are presently the most
populated.
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Culvert pricing:
• We used national construction cost estimators (either means or Sweets, I not recall which), to
estimate the cost of replacing each culvert with on adequate capacity.
• Pricing schedules were developed for each culvert size and type.
• These were used to…
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Schedule of upgrade sizes & costs
Quantities and costs of culverts to be upgraded
Baseline Climate change Cli. Chg. + 2 ha 
buildout
Culvert size 
(m)
Road 
class Qty Cost Qty Cost Qty Cost
0.8 4 4 $22,900 3 17,200 2 11,500
0.9 1 $8,500 2 17,000 3 25,500
1.1 5 3 33,700 4 44,900
1.2 1 $13,600
1.5 5
1.5 1 1 70,000 1 70,000
Total 6 $45,000 9 $137,900 10 $151,900
Increment over baseline 3 $92,900 4 $106,900  
Syntectic Int’l, 04/07
…to schedule-out the quantity of each culvert size required for each build-out
scenario, and estimate total upgrade cost.
• Note that costs and and quantities do not increase linearly. Once the culvert at a
specific location is undersized it remains so as peak flow increases for different
scenarios, however the size of the replacement culvert increases to meet
increased peak flow.
• This schedule provided City leaders with the tangible information required to
understand the impact of climate change on their drainage system, and to
develop detailed plans for ensuring that an adequate system will be in place for
climate change.
• Note that the total upgrade cost is for the watershed, which contains 10% of the
City’s culverts. Projecting these costs City-wide leads to a cost that is about
10% of the City’s annual budget. It would be very difficult to budget such a
large cost over a short-term upgrade program, requiring large tax increases or
issuance of bonds. However, beginning the upgrade program today allows the
City to conduct the program over 10-20 years, impacting the budget by only 0.5-
1.0%.
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The spectre of uncertainty
risk  =  exposure  x  probability
•  The past was not as certain as we wish;
•  Inaction has as many ramifications as action;
•  So how can uncertainty & risk be managed?
Syntectic Int’l, 04/07
• Classic equation makes risk a function of both the amount of people or assets
exposed to hazard, and the probability that a hazard will occur. In this
context, uncertainty is the inability to precisely quantify either exposure or
probability, so that, if we cannot reliably estimate exposure and probability,
then we may waste our limited resources by expending them on incorrect
attempts to reduce risk. This potential waste of resources is the factor that
has prevented infrastructure preparation.
• Therefore, the impacts of uncertainty can be managed several ways:
   More precise estimates of exposures and probabilities of occurrence;
   Make uncertainty less important by reducing:
- Amount of life/assets exposed to hazard;
- Probability that a loss will  occur;
- Amount of resources committed to risk reduction;
• We sound so prudent in not wanting to do any preparation work until
uncertainty is eliminated, but is our footing really so solid?
1. Public works official “ risk analysis” , but risk either way
2.  TP-40 & confidence interval
26
Tactics to manage uncertainty & risk
1. Improve reliability of projections
    - Current climate models much more accurate
    - Observed impacts match predictions
2. Reduce cost of protection
    - Managing Qp more economical than managing
capacity to convey Qp (i.e. SUD, BMP, & low-
impact development all more economical than
system upgrade)
    - Where upgrade is required, …
Syntectic Int’l, 04/07
• Classic equation makes risk a function of both the amount of people or assets
exposed to hazard, and the probability that a hazard will occur. In this
context, uncertainty is the inability to precisely quantify either exposure or
probability, so that, if we cannot reliably estimate exposure and probability,
then we may waste our limited resources by expending them on incorrect
attempts to reduce risk. This potential waste of resources is the factor that
has prevented infrastructure preparation.
• Therefore, the impacts of uncertainty can be managed several ways:
   More precise estimates of exposures and probabilities of occurrence;
   Make uncertainty less important by reducing:
- Amount of life/assets exposed to hazard;
- Probability that a loss will  occur;
- Amount of resources committed to risk reduction;
• We sound so prudent in not wanting to do any preparation work until
uncertainty is eliminated, but is our footing really so solid?
1. Public works official “ risk analysis” , but risk either way
2.  TP-40 & confidence interval
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•
• •
Risk-based, phased upgrade of
drainage system manages
uncertainty
Route 9
Syntectic Int’l, 04/07
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Results match previous studies:
• Different statistical method
• 2nd generation GCM
Syntectic Int’l, 04/07
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Source: http://www.grida.no/climate/ipcc_tar/wg1/521.htm 
Ensemble GCM analysis of climate-changed
precipitation intensity
Syntectic Int’l, 04/07
Meehl et al., 2005
• As reference for mid-21st century climate change, used GFDL 2.1 GCM, state-
of-the-art in climate modeling. Datasets used are same included in IPCC Fourth
Assessment report, to be published in 2007.
• Used data for the A2 scenario, ‘business as usual.’ The Stern Report, issued
last week in United Kingdom, also used the A2 scenario in its analyses. This
report was criticized by the conservative media in the United States, including the
National Review, for using such a pessimistic scenario. These media are 10
years behind the times. Although the A2 scenario was once assumed to be
pessimistic, it is now considered the most likely trajectory.
• Results from the GCM were applied to the NCDC historical data for Keene
and surrounding weather stations.
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Skill of GCMs at modeling historical
precipitation
Syntectic Int’l, 04/07
Karl, 2002
• {explain table}
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Analysis of ensemble GCM projections:
• Temperature change by 2080
• Eastern North America, Summer
Syntectic Int’l, 04/07
Tebaldi et al., 2006
• {explain table}
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Precipitation Trends: 1901 to 1998
Source:  National Climatic Data Center/NESDIS/NOAA
Past not as certain as we’d like to think:
1. Intensity/frequency was not stationary
Syntectic Int’l, 04/07
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Past not as certain as we’d like to think:
2. TP-40 design storm was not a point
Point process estimate of 24-hr,
25-year storm, based on 1970-
2000 NCDC records:
+95% ci =  12.4 cm   (+41.4%)
                     8.8 cm
 -95% ci =    7.2 cm   (-17.2%)
Spread is 58.6% of estimate…
      NOT very certain!!
Syntectic Int’l, 04/07
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Compression of the risk curve due to climate change:
   maintain capacity = increase risk
   increase capacity = maintain risk
Syntectic Int’l, 04/07
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Rates of system under-capacity are relatively
insensitive to variations in climate-changed
design storm estimates
Syntectic Int’l, 04/07
36
Syntectic Int’l, 04/07
Whitcomb Mill Road
Projected Culvert Replacement
$ 27,822
Engineer’s Cost To Repair Road
$ 93,040
37
The science is reliable, the future is
clear. How will communities respond?
Syntectic Int’l, 04/07
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• Welcome, thank you, and introduction.
• Affiliation: Syntectic Int’l, group scientists & engineers, working to prepare
communities for climate change. Bridge gap theory and policy on the one hand, and
practice on the other.
•  Objective is to increase your self-reliance, in the absence of leadership from the
federal government, pertaining to climate change adaptation:
   Increase awareness of the need to prepare for climate change;
   Demonstrate that reliable & quantified assessments of infrastructure
requirements are now possible;
   Discuss some of the issues faced when performing assessments, with particular
emphasis on the spectre of ‘uncertainty’.
•  In order to accomplish this:
  1. Briefly review reasons why global warming is resulting in more intense storms,
and why impacts are now unavoidable;
  2. Walk through assessment of mid-21st century stormwater drainage system
requirements;
    - This assessment is a sub-project for the IPCC IVth assessment report, to be
published in late 2007
    - A paper describing this project is currently in peer-review at the journal Climatic
Change
  3. Discuss issues associated with assessments
•  Acknowledge contribution of senior researcher G. Larson, who provided certain
technical graphics
